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PREFACE 
When developing a new method of analysis, it is difficult 
but nonetheless very important to maintain a fair balance between 
the method itself (and/or its tools) and its possible utilization. 
From the early years of development of the WELMM method by the 
small research group working on resources at IIASA, we have always 
tried to balance these two aspects. In fact, only utilization 
or application of the method can demonstrate its interest, 
possible if it is appropriately developed. 
Applications of the WELMM approach are numerous and varied: 
at the local, regional or global level; oriented towards processes 
(for comparison) or a combination of technologies; for energy 
(the initial purpose) and non-energy fields; for the short term, 
or for the long term, etc. We have at IIASA already implemented 
some of these potential applications--and we hope that there will 
be more performed, both in-house and in other organizations--and 
we have greatly benefited from carrying out these applications, 
as valuable feedbacks to the method itself and to our task. 
This report presents the results of applying the WELMM 
approach, through the use of the WELMM Facility Data Base, to 
the comparison of various energy chains, based on coal, natural 
gas, nuclear and solar resources/technologies. This exercise 
has been a very valuable training for us, but we hope that the 
results will also be interesting for others. They show the 
WELMM resource requirements necessary to achieve a similar 
objective using very different resources and techniques. 
The "energy chains" approach has been broadly used, mainly 
for economic comparisons. Its main limitation is that the chains 
considered are generally specific and do not necessarily relate 
to real cases. This is why it is generally a first step and is 
often extended to real case scenarios (which have, in fact, 
been developed at IIASA) . 
As such, these analyses constitute one of the first appli- 
cations of the WELMM method developed at IIASA and illustrate 
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ABSTRACT 
This  paper p resen t s  an a p p l i c a t i o n  of t h e  WELMM method 
t o  t h e  comparison of va r ious  energy cha ins .  It can be d iv ided  
i n t o  two main p a r t s :  
--the comparison of energy cha ins  a t  t he  secondary energy 
l e v e l  ( fou r  c o a l ,  t h r e e  nuc lea r  and two s o l a r  
e l e c t r i c i t y  producing cha ins  wi th  an annual ou t -  
put  of 6.1  TWh each,  a r e  s tud ied )  ; . 
--the comparison of energy c h a i n s  a t  t h e  u s e f u l  
energy l e v e l  ( f o r  a de f ined  ou tpu t  of 0.65 Mtce 
u s e f u l  energy t h r e e  a l t e r n a t i v e  c h a i n s  a r e  s tud-  
ied:  c o a l - e l e c t r i c ,  s y n t h e t i c  m t u r a l  gas ,  and 
l i q u e f i e d  n a t u r a l  g a s ) .  
More d isaggrega ted  d a t a  on t h e  nuc lea r  and s o l a r  e l e c t r i c i t y  
producing cha ins  a r e  presented  i n  t h e  Appendix. 
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In  a s s e s s i n g  energy s t r a t e g i e s  t h e  systems a s p e c t s  and 
i n t e r r e l a t i o n s h i p s  between energy and o t h e r  n a t u r a l  and/or 
human re sources  have t o  be taken i n t o  account.  
A s  energy r e sources  a r e  g e n e r a l l y  n o t  used i n  t h e i r  primary 
s t a t e  (crude o i l ,  uranium etc. .)  t hey  have t o  be processed i n  
i n d u s t r i a l / e n e r g y  i n s t a l l a t i o n s  i n  o rde r  t o  be a v a i l a b l e  t o  t h e  
f i n a l  consumer. A l l  t h e s e  i n s t a l l a t i o n s  o r  i n d u s t r i a l / e n e r g y  
f a c i l i t i e s  r e q u i r e ,  i n  a d d i t i o n  t o  t h e i r  primary i n p u t ,  n a t u r a l  
and human resources .  Furthermore,  t h e  use  of n a t u r a l  r e sources  
can i n t e r f e r e  wi th  o t h e r  p o s s i b l e  uses  of t h e  same re sources  
(e .g .  l and  requirements  f o r  s u r f a c e  mining o p e r a t i o n s  can c o n f l i c t  
wi th  a g r i c u l t u r a l  l and  use.  Cooling and process  water  requi re -  
ments can c o n f l i c t ,  in a r e a s  wi th  a s c a r c e  water  supply,  wi th  
water  demand f o r  i r r i g a t i o n  o r  urban needs ) .  
It  i s  t h e r e f o r e  impor tan t  t o  b r ing  some i n s i g h t  i n t o  t h e s e  
r e source  requirements  and t o  ana lyze  a given r e source  proces- 
s i n g  system through i t s  needs accounted i n  phys ica l  terms.  
These requirements  can then  be compared wi th  t h e  a v a i l a b i l i t y  
o f  r e sources  and a b e t t e r  unders tanding of t h e i r  p o s s i b l e  i n t e r -  
a c t i o n s  o r  s u b s t i t u t i o n s  can be reached. I n  a d d i t i o n ,  q u a l i t a t i v e  
c r i t e r i a ,  such a s  s o c i a l  a c c e p t a b i l i t y  and environmental  impacts 
e tc . ,  should complete a sys t ema t i c  a n a l y s i s  of  a given resource  
s t r a t e g y .  An energy process ing  system can be r ep resen ted  by a 
combination of  v a r i o u s  i n d u s t r i a l  p rocesses  ( r e p r e s e n t i n g  
i n s t a l l a t i o n s  o r  f a c i l i t i e s ) ,  which a r e  necessary t o  go from t h e  
primary r e source  t o  t h e  secondary o r  f i n a l  l e v e l  where t h e  pro- 
cessed  primary resource  i s  consumed. Each o f  t h e s e  i n d u s t r i a l  
u n i t s  can be schematized a s  i n  t h e  process  scheme i n  F igure  1 .  
An energy cha in  w i l l  t h e r e f o r e  be def ined  a s :  t h e  s e t  
o f  i n d u s t r i a l / e n e r g y  f a c i l i t i e s  w h i c h  c o v e r  a l l  t h e  
p r o c e s s e s  t o  h a r v e s t ,  t r a n s p o r t  and c o n v e r t  a  p r i -  




CONSUMPTION PHYSICAL LOSSES 
NET OUTPUT 
Figure  1 .  Process  a n a l y s i s  
Depending on t h e  l e v e l  of aggregat ion,  t h e  fol lowing s t e p s  
a r e  g e n e r a l l y  d i s t i n g u i s h e d  t o  d e s c r i b e  an energy process ing  
system: e x t r a c t i o n ,  t r a n s p o r t a t i o n ,  processing,  d i s t r i b u t i o n ,  
s t o r a g e ,  convers ion and management of f i n a l  waste [ I  ,2] . 
These s t e p s  d e s c r i b e  a  gene ra l  framework which can be adapted t o  
t h e  va r ious  energy resource  processing systems. 
A s  examples of t h e  d i f f e r e n t  l e v e l s  of complexity t h e  
nuc lea r  and s o l a r  e l e c t r i c i t y  cha ins  a r e  descr ibed  i n  F igure  2. 
In  both cha ins  t h e  ou tpu t  i s  t h e  same: e l e c t r i c i t y .  Th i s  
a l r eady  l e a d s  us t o  t h e  f i r s t  p o s s i b l e  a p p l i c a t i o n  of t h e  WELMM 
approach i n  comparing v a r i o u s  energy cha ins  which produce t h e  
same amount of secondary energy ( o r ,  inc luding  t h e  t r a n s p o r t  
and d i s t r i b u t i o n  of e l e c t r i c i t y ,  t h e  same amount of f inaL energy) . 
This  w i l l  be d e a l t  wi th  i n  t h e  f i r s t  p a r t  of  t h i s  paper.  
In  any case  t h i s  a n a l y s i s  does n o t  t ake  i n t o  account  t h e  
d i f f e r e n t  supply o p t i o n s  p o s s i b l e  t o  s a t i s f y  t h e  v a r i o u s  useful  
energy needs ( o r  s e r v i c e s  r equ i red )  such a s  low grade  h e a t  
(hea t ing ,  ho t  water ,  cooking etc.)  where a  compet i t ive  market 
of v a r i o u s  energy forms e x i s t s  (use of o i l / g a s ,  s o l a r  o r  
e l e c t r i c i t y )  a t  t h e  f i n a l  energy l e v e l .  Due t o  t h e  varying 
e f f i c i e n c i e s  of end-use app l i ances  ( s o l a r  f l a t  c o l l e c t o r s ,  o i l  
f i r e d  hea t ing ,  electr ic h e a t  pumps etc.)  t h e  q u a n t i t y  of f i n a l  
energy r equ i red  t o  d e l i v e r  t h e  same amount of u s e f u l  energy 
v a r i e s .  The second p a r t  of t h i s  paper concen t ra t e s  on t h e  
comparison of d i f f e r e n t  supply op t ions  which provide t h e  same 
s e r v i c e  ( o r  t h e  same q u a n t i t y  of u se fu l  energy) t o  t h e  con- 
sumer. 
THE CRITERIA FOR ENERGY CHAIN COMPARISONS: "WELMM" 
In  comparing v a r i o u s  energy supply op t ions  s e v e r a l  methods 
have been used ex tens ive ly :  c l a s s i c a l  economic a n a l y s i s ,  envi-  
ronmental impact assessment ,  energy analysis-- these a r e  only 
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Figure 2.  Nuclear and s o l a r  thermal e l e c t r i c i t y  cha ins  
s i n g l e - c r i t e r i o n  (environmental ,  energy a n a l y s i s )  o r  s i n g l e  
a t t r i b u t e  (economic a n a l y s i s ) ,  t hey  t h u s  wi ths tand  sys temat ic  
a n a l y s i s  of a  resource  s t r a t e g y  by looking a t  a  s i n g l e  r e source  
a lone  without  g iv ing  i n d i c a t i o n s  about p o s s i b l e  s h i f t s  from one 
sca rce  r e source  (energy) t o  another  ( c e r t a i n  m a t e r i a l s ,  land 
and wa te r ) .  Resource s t r a t e g i e s  t h e r e f o r e  have t o  be eva lua ted  
with  a  m u l t i c r i t e r i a ,  m u l t i a t t r i b u t e  approach, p r e f e r a b l y  us ing  
phys ica l  q u a n t i t i e s  of r e sources  which can then be checked wi th  
t h e i r  a v a i l a b i l i t y .  
This  phys ica l  resource  accounting i s  t h e  purpose of t h e  
WELMM (Water, Energy, Land, Manpower and M a t e r i a l s )  approach 
[ 3 ]  whiEh analy;?es resource  requirements  of a  resource  process- 
ing system through t h e  use of computerized d a t a  bases .  The 
main t o o l  f o r  t h e  eva lua t ion  of t h e  r e source  requirements  of 
i n d u s t r i a l  p rocesses  o r  f a c i l i t i e s  i s  t h e  WELMM F a c i l i t y  Data 
Base (FDB). In  t h i s  d a t a  base gene ra l  c h a r a c t e r i s t i c s  of 
i n d u s t r i a l / e n e r g y  f a c i l i t i e s  o r  i n s t a l l a t i o n s  a s  wel l  a s  t h e  
resource  requirements  f o r  t h e  cons t ruc t ion  and ope ra t ion  of 
these f a c i l i t i e s  a r e  recorded [ 4 ] .  In  f a c t  t h e  WELMM approach 
in t roduces  a d d i t i o n a l  a s p e c t s  t o  economic a n a l y s i s ,  energy 
a n a l y s i s  and, t o  some e x t e n t ,  environmental  a n a l y s i s ,  and can 
provide a  good b a s i s  f o r  sys temat ic  a n a l y s i s  of a  given re -  
source s t r a t e g y ,  e s p e c i a l l y  i n  t h e  long-term con tex t  when 
economic d a t a  a r e  u n r e l i a b l e .  In  t h e  d a t a  bases ,  which a r e  
t h e  t o o l s  of t h e  WELMM method, economic data--although n o t  
t h e  main objec t ive- -a re  n e v e r t h e l e s s  included; energy and 
environmental  d a t a  ( q u a n t i t a t i v e  and q u a l i t a t i v e  a s p e c t s  of 
water ,  land and m a t e r i a l s  e . g .  was t e s )  a s  w e l l  a s  q u a l i t a t i v e  
i n d i c a t o r s  f o r  t h e  human r e s o u r c e  requi rements  ( c r i t i c a l  s k i l l s  
r e q u i r e d ,  t y p e  of  work e t c . )  e n l a r g e  t h e  scope of  t h e  p u r e l y  
p h y s i c a l  q u a n t i t y  o r i e n t e d  WELMM d a t a  t o  a  more s y s t e m a t i c  
m u l t i c r i t e r i a  unders tanding  of a  g iven  r e s o u r c e  s t r a t e g y .  
I f  a  WELMM a n a l y s i s  i s  c a r r i e d  o u t  c a r e f u l l y  it should  
come t o  t h e  same c o n c l u s i o n s  a s  an economic assessment ,  bu t  
w i th  t h e  advantage  t h a t  p h y s i c a l  q u a n t i t i e s  a r e  n o t  l i k e l y  t o  
f l u c t u a t e  a s  much a s  f i n a n c i a l  d a t a  i n  a  g iven  economic con- 
t e x t ,  and t h e r e f o r e  t h e  r ange  of  u n c e r t a i n t y  of an a n a l y s i s  
can be  reduced.  
One impor tan t  a s p e c t  of  t h i s  account ing  p roces s  i s  t h e  
d e f i n i t i o n  of  t h e  boundar ies  of t h e  system analyzed:  w i t h i n  
t h e  WELMM method w e  d i s t i n g u i s h  between two l e v e l s  of  r e s o u r c e  
requi rements  : 
a )  The d i r e c t  r e q u i r e m e n t s :  t h e  r e s o u r c e  requi rements  
used d i r e c t l y  on s i t e  f o r  t h e  c o n s t r u c t i o n  and op- 
e r a t i o n  of  a  f a c i l i t y ,  such  a s  wa te r ,  f u e l ,  e l e c t r i c -  
i t y ,  s t r u c t u r a l  s tee l  o r  me ta l  con ta ined  i n  p re fab-  
r i c a t e d  equipment and machinery imported on s i te .  
b)  The i n d i r e c t  r e q u i r e m e n t s :  f o r  t h e  d i r e c t  r e s o u r c e  
requi rements  ( s t e e l ,  aluminium) t h e  same concept  of  
i n d u s t r i a l  p roces ses  and c h a i n s  i s  a p p l i e d  a s  f o r  
t h e  energy  c h a i n s .  The r e s u l t s  from t h i s  e v a l u a t i o n  
of t h e  steel  c n a i n  ( e t c . )  g i v e  i n  r e t u r n  t h e  i n d i -  
r e c t  requ i rements  of ou r  energy cha ins .  
The advantage  of d i f f e r e n t i a t i n g  between t h e  d i r e c t  and 
i n d i r e c t  requi rements  i s  t h a t  i s  e n a b l e s  long t e r m  p r o j e c t i o n s  
o r  s c e n a r i o s  of  changing r e s o u r c e  i n t e n s i v e n e s s  of  v a r i o u s  
t e c h n o l o g i e s  (e .g .  d e c r e a s i n g  o r e  g r a d e  f o r  primary me ta l  
p roduc t ion ,  i n t r o d u c t i o n  of new t e c h n o l o g i e s  such  a s  d i r e c t  
r educ t ion  i n  steel  f a b r i c a t i o n  e t c . ) .  I t  i s  t h u s  more f l e x i -  
b l e  t han  e x i s t i n g  a n a l y s i s  t echn iques  such  a s  input -ou tpu t  
c o e f f i c i e n t s ,  which t e n d  t o  r e f l e c t '  p r e s e n t  o r  even p a s t  
r e s o u r c e  i n t e n s i v e n e s s  ( t h e r e  is g e n e r a l l y  a  t i m e  l a g  of  f i v e  
yea r s  between t h e  o r i g i n a l  d a t a  and t h e  u se  of  c o e f f i c i e n t s  
c a l c u l a t e d  from them i n  models ) .  
The methodology f o r  e v a l u a t i n g  t h e  i n d i r e c t  r e s o u r c e  
requi rements  is  d e f i n e d  and h a s  proved f e a s i b l e  i n  f i r s t  
a p p l i c a t i o n s  [ 5 ,61 ,  b u t  t h e  amount of d a t a  involved* is  ve ry  
impor tan t  and t h e r e f o r e  input -ou tpu t  t echn iques  have been 
used a t  I I A S A  t o  de te rmine  i n d i r e c t  r e sou rce  requi rements  [ 7 ] .  
From t h e s e  r e s u l t s  a  d e t a i l e d  i n d i r e c t  WELMM a n a l y s i s  f o r  t h e  
most s e n s i t i v e  m a t e r i a l s  w i l l  be c a r r i e d  o u t .  
The comparisons p re sen ted  i n  t h i s  paper  c o n c e n t r a t e  on 
t h e  d i r e c t  r e s o u r c e  requi rements  of energy cha ins .  The 
r e s u l t s  of an e v a l u a t i o n  of  t h e  i n d i r e c t  requi rements  w i l l  
be publ i shed .  However, a t  p r e s e n t  t h e  r e s u l t s  a r e  t o o  pre-  
l i m i n a r y  t o  be i nc luded  i n  t h i s  paper .  
* S i m i l a r  c h a i n s  a s  i n  t h i s  paper  f o r  energy would have t o  
be e v a l u a t e d  w i t h  t h e i r  a s s o c i a t e d  i n d u s t r i a l  f a c i l i t i e s  
f o r  a l l  main equipment and m a t e r i a l  i t ems .  
WELMM COMPARISON OF ELEC- 
TRICITY PRODUCING CHAINS 
Tab le  1 summarizes t h e  main s t e p s  and b a s i c  assumptions 
made i n  o r d e r  t o  c o n s i d e r  fou r  c o a l ,  t h r e e  n u c l e a r  and two 
s o l a r  e l e c t r i c i t y  c h a i n s .  Each c h a i n  i n c l u d e s  t h e  v a r i o u s  
f a c i l i t i e s ,  o r  s h a r e  of f a c i l i t i e s ,  a s s o c i a t e d  wi th  t h e  
produc t ion  of  6.1 TWh (6.1 1 o 9  kwh) e l e c t r i c i t y  p e r  year -  
-corresponding t o  t h e  o u t p u t  of  a 1000 MW power p l a n t  w i th  
70% l o a d  f a c t o r .  A l i f e t i m e  of  30 y e a r s  was assumed f o r  a l l  
f a c i l i t i e s .  
The power p l a n t s  were assumed t o  be  l o c a t e d  nea r  main 
consuming a r e a s  which would n o t  n e c e s s i t a t e  long d i s t a n c e  
t r a n s p o r t a t i o n  of  e l e c t r i c i t y .  The e l e c t r i c i t y  d i s t r i b u t i o n  
network would be  t h e  same f o r  t h e  d i f f e r e n t  e l e c t r i c i t y  
gene ra t ing  c h a i n s ,  and t h e r e f o r e  t h e  WELMM comparison o f  t h e  
c h a i n s  r e l a t i v e  t o  each  o t h e r  w a s  c a r r i e d  o u t  a t  t h e  secondary 
energy l e v e l  exc lud ing  t h e  t r a n s p o r t  and d i s t r i b u t i o n  o f  elec- 
t r  i c i t y .  
The energy c h a i n s  were determined by choosing r e p r e s e n t a t i v e  
examples from t h e  F a c i l i t y  Data B a s e .  Some o f  t h e  d a t a  compiled 
i n  t h e  WELMM FDB r e l a t e  t o  s t a n d a r d  t y p e s  of  energy f a c i l i t i e s  
such a s  power p l a n t s  ( c o a l  f i r e d  i n  t h e  600 t o  1000 MW range,  
s o l a r  100 MW STEC--Solar Thermal E l e c t r i c  Conversion--modules 
e t c . )  , t r a n s p o r t a t i o n  f a c i l i t i e s  ( such  as u n i t  t r a i n s  o f  
10000 t o n s  o r  s l u r r y  p i p e l i n e s  o f  1500 km) e t c .  
I t  is  obvious  t h a t  f o r  some f a c i l i t i e s  ( i . e .  t h o s e  r e l a t e d  
t o  mining o p e r a t i o n s )  it i s  imposs ib le  t o  d e f i n e  " t y p i c a l "  
examples and t h i s  i s  t h e  reason  why e x h a u s t i v e  WELMM s t u d i e s  
were c a r r i e d  o u t .  From t h i s  a n a l y s i s ,  sample d a t a  were chosen 
f o r  t h e  comparison.  
However, it must be  s t r e s s e d  t h a t  t h e  c h a i n s  chosen a r e  
i l l u s t r a t i v e  examples r a t h e r  t h a n  d e s c r i p t i o n s  of  t h e  c o a l ,  
n u c l e a r  o r  s o l a r  energy c h a i n s .  Although they  r e f l e c t  g e n e r a l  
T a b l e  1 .  C h a r a c t e r i s t i c s  of  e l e c t r i c i t y  producing c h a i n s  
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t r e n d s  i n  each  technology q u i t e  w e l l ,  t h e  f i g u r e s  a r e  a l s o  a  
r e s u l t  of t h e  d e f i n i t i o n  of t h e  cha ins  ( i . e .  l o c a t i o n  of  t h e  
s o l a r  power p l a n t s ,  mining c o n d i t i o n s ,  h e a t  c o n t e n t  of c o a l  
e t c . ) .  Thus, a l though  w e  have t r i e d  t o  choose r e p r e s e n t a t i v e  
examples one has  t o  bea r  i n  mind t h e  d e f i n i t i o n s  of t h e s e  
c h a i n s  i n  i n t e r p r e t i n g  t h e  r e s u l t s .  
M A I N  CHARACTERISTICS OF THE COAL CHAINS 
There a r e  two main d i f f e r e n c e s  in t h e  f o u r - c h a i n s  s t u d i e d .  
Coal Chains 1  and 3: 
correspond t o  a c t u a l  technology wi th  convent iona l  
c o a l  f i r e d  power p l a n t s  ( thermal  e f f i c i e n c y  of 
37.8%) and c o a l  t r a n s p o r t a t i o n  over  900 km by r a i l .  
Coal Chains 2  and 4: 
r e p r e s e n t  advanced technology wi th  a tmospher ic  
f l u i d i z e d  bed power p l a n t s  ( thermal  e f f i c i e n c y :  35.7%) 
and c o a l  s l u r r y  p i p e l i n e  t r a n s p o r t a t i o n .  P a r t i c u l a t e  
and s u l f u r  d i o x i d e  emiss ions  a r e  d r a s t i c a l l y  reduced 
and one can t h e r e f o r e  speak of "environmental ly  con- 
t r o l l e d  cha ins .  " 
Furthermore,  t h e  c h a i n s  d i f f e r  depending on t h e  sample of  mines 
chosen. Gene ra l ly  c o a l  i s  mined under f a i r l y  f a v o r a b l e  con- 
d i t i o n s ,  such a s  t h o s e  p r e v a i l i n g  i n  t h e  western  p a r t  of t h e  
United S t a t e s .  
Coal Chains 1  and 2: 
c o a l  is  mined i n  underground mines u s ing  t h e  
room and p i l l a r  method; t h e  seam t h i c k n e s s  
was assumed t o  be  1.5 meters. 
Coal Chains 3 and 4: 
t h e  mine cons idered  i s  a  U.S. western  t ype  
s t r i p  mine w i t h  a  9.2 m seam and a s t r i p p i n g  
r a t i o  of 2.1 : 1 (yd3/shor t  t on )  . 
I n  a l l  c h a i n s  c o a l  was assumed t o  be  h igh  q u a l i t y  bi tuminous 
c o a l ;  each cha in  a l s o  i n c l u d e s  a  c o a l  p r e p a r a t i o n  f a c i l i t y  (c rush-  
i ng  and sc reen ing )  w i t h  a  run  of  mine t o  c l e a n  c o a l  r a t i o  of 1.3:1. 
M A I N  CHARACTERISTICS OF THE NUCLEAR CHAINS 
The two main types  of nuc lea r  technology have been consid- 
ered: a LWR and a FBR cha in ,  each of them c o n s i s t i n g  of t h e  
power p l a n t s  and t h e  necessary  f a c i l i t i e s  of t h e  a s s o c i a t e d  
nuc lea r  f u e l  cyc le .  The LWR cha ins  comprise p res su r i zed  water  
r e a c t o r s  of 1000 MW with  n a t u r a l  d r a f t  w e t  cool ing  towers ,  LWR 
f u e l  f a b r i c a t i o n ,  uranium enrichment (gaseous d i f f u s i o n ) ,  ura-  
nium conversion a s  w e l l  a s  LWR spen t  f u e l  r ep rocess ing ,  l and  
b u r i a l  f a c i l i t i e s  f o r  low l e v e l  waste and a temporary h igh  l e v e l  
waste s t o r a g e  f a c i l i t y  (water bas in  concep t ) .  
60% of r equ i red  uranium i s  produced i n  s u r f a c e  mines 
and 40% i n  underground mines (corresponding t o  t h e  
p resen t  U.S. supply)  and processed i n  a uranium m i l l  
The o r e  c o n t a i n s  0.203% U308 ( U . S .  average 1976) o r  
1720 ppm U-metal. 
In  t h i s  cha in  low grade Chattanooga s h a l e  (0.007% 
U308 o r  60 ppm U-metal) i s  mined i n  an underground 
room and p i l l a r  mine and processed i n  an a s s o c i a t e d  
uranium s h a l e  m i l l  [ 8 1 .  This  cha in  c l e a r l y  does  n o t  
r e f l e c t  t h e  s h o r t  t e r m  per spec t ives  of  uranium 
mining but  would probably have t o  be considered i n  
t h e  long  t e r m .  I n  any case  it r e p r e s e n t s  an extreme 
case  a s - t h e  q u a n t i t y  of  u m i u m  o r e  t o  be mined reaches  
t h e  o rde r  of-magnit;de of t h e  q u a n t i t y  of c o a l  t o  be 
e x t r a c t e d  i n  o rde r  t o  produce t h e  same amount of  e l e c -  
t r i c i t y .  
The FBR Chain 
Here a Liquid Metal F a s t  Breeder Reactor of 1000 M W e  wi th  
n a t u r a l  d r a f t  w e t  coo l ing  towers and a thermal  e f f i c i e n c y  of  
4 0 %  along wi th  t h e  necessary  f a c i l i t i e s  of t h e  f u e l  c y c l e  were 
considered.  The f u e l  c y c l e  i s  less complex than  i n  t h e  LWR 
chain  and c o n s i s t s  of FBR f u e l  f a b r i c a t i o n  and r ep rocess ing  
f a c i l i t i e s  a s  w e l l  a s  low and h igh  l e v e l  waste s t o r a g e .  For 
t h e  LMFBR chain  it was assumed t h a t  on ly  a smal l  q u a n t i t y  of 
uranium has t o  be  mined and mi l l ed ,  produced from a uranium 
s h a l e  (60 ppm) d e p o s i t  a s  i n  t h e  LWR2 case .  Most of t h e  
uranium requ i red  is U238, recovered from dep le t ed  LWR enr ich-  
ment t a i l s .  No WE2MM impacts w e r e  accounted f o r  i n  t h e  c a s e  
of plutonium a s  t h i s  is  a by-product of LWR f u e l  r ep rocess ing .  
Thus t h e  mining impacts f o r  t h e  LMFBR cha in  a r e  d r a s t i c a l l y  
reduced. 
For a l l  nuc lea r  cha ins  t h e  t r a n s p o r t a t i o n  of t h e  n u c l e a r  
f u e l  has been neg lec ted  i n  view of  t h e  smal l  q u a n t i t i e s  
involved,  which r e p r e s e n t  a s a f e t y  problem r a t h e r  than  a s i g -  
n i f i c a n t  resource  requirement.  I n  t h e  Appendix more d i sag -  
gregated WELMM requirements f o r  t h e  t h r e e  nuc lear  e l e c t r i c i t y  
cha ins  a r e  presented  i n  o rde r  t o  g i v e  i n s i g h t  i n t o  t h e  mining 
impact of t h e s e  cha ins .  
THE SOLAR CHAINS 
E l e c t r i c i t y  is produced i n  100 MWe STECs,  wi th  a s s o c i a t e d  
6 hour thermal  s t o r a g e ,  which produce e l e c t r i c i t y  f o r  i n t e r -  
mediate demand. ( I n  Table A-3 i n  t h e  Appendix, more d e t a i l s  
on t h e  WELMM requirements  f o r  a  100 MW STEC module a r e  g i v e n ) .  
S o l a r  Chain 1: 
t h e s e  STECs would be loca ted  i n  Southern France 
( r a d i a t i o n  dur ing  1200 hours/year with  1500 kWh/m 
y e a r ) .  Depending on whether one cons ide r s  a  
doubl ing of t h e  STEC modules o r  simply a  doubl ing 
of  t h e  h e l i o s t a t  f i e l d s  compared t o  t h e  STECs i n  
t h e  S o l a r  2 chain ,  a  range of d a t a  a r e  presented  
i n  t h e  WELMM a n a l y s i s .  
S o l a r  Chain 2: 
t h i s  corresponds t o  a  f a c i l i t y  i n  Southern 
C a l i f o r n i a  ( r a d i a t i  n  dur ing  1500 hours per  S year  and 2500 kWh/m /yea r )  . 
To produce 6.1 TWh, 28 o r  14 100 MWe STECs a r e  r equ i red  
r e s p e c t i v e l y .  
WELMM ANALYSIS 
Water  
In  WELMM terminology, w a t e r  i n t a k e  corresponds t o  t h e  
water withdrawn from t h e  environment; w a t e r  c o n s u m p t i o n  i s  
t h e  f r a c t i o n  of t h e  water i n t a k e  n o t  r e s t i t u t e d  t o  t h e . e n v i -  
ronment (e .g .  water  evaporated i n  coo l ing  towers o r  s e t t l i n g  
ponds o r  consumed i n  a  chemical p r o c e s s ) .  Water  d i s c h a r g e  
i s  t h e  amount of water r e s t i t u t e d  t o  t h e  environment a f t e r  
use although it might be p o l l u t e d  ( p h y s i c a l l y  and/or 
thermal ly)  . 
A s  one can see  from Table 2 ,  t h e  b igges t  water  u s e r s  a r e  
by f a r  t h e  n u c l e a r  LWR chains ;  t h i s  is mainly due t o  g r e a t e r  
q u a n t i t i e s  of  waste h e a t  t h a t  have t o  be cooled o f f .  The FBR 
water  i n t a k e  is ,  due t o  t h e  h igher  thermal  e f f i c i e n c y ,  con- 
s i d e r a b l y  lower,  and can be compared t o  t h e  water i n t a k e  f o r  
c o a l - f i r e d  power p l a n t s .  The s o l a r  STECs equipped wi th  d ry  
cool ing  towers r e q u i r e  only  smal l  water  q u a n t i t i e s  f o r  c i r c u i t  
replacement and f o r  t h e  c leaning  of  t h e  h e l i o s t a t s .  In  t h i s  
case a l l  t h e  water in take  is  a l s o  consumed, whereas f o r  t h e  
coa l  and nuclear  cha ins  between 30% t o  40% of t h e  water 
in take  i s  discharged a f t e r  use ,  mainly a s  cooling water.  
It i s  i n t e r e s t i n g  t o  note  t h a t  i n  t h e  t echno log ica l ly  
advanced c o a l  cha ins  (COAL 2 and COAL 4 )  t h e  o v e r a l l  water 
in take  i s  lower than i n  t h e  conventional c o a l  cha ins ,  al though 
coa l  i s  t r anspor ted  with s l u r r y  p i p e l i n e s ,  an ex tens ive  water 
consumer. The reason f o r  t h i s  i s  t h a t  advanced f l u i d i z e d  bed 
power p l a n t s  have about 2 0 %  l e s s  water in take  [9] than conven- 
t i o n a l  power p l a n t s  and t h e  water requirements f o r  t h e  s l u r r y  
p ipe l ine  correspond t o  only 10% of t h e  t o t a l  water requirements 
of t h e  chain.  I n  add i t ion  t h e  water  output  from t h e  s l u r r y  
dewatering p l a n t  can be used a s  cool ing water f o r  t h e  power 
p l a n t ,  t h u s  r e s u l t i n g  i n  a  20% reduct ion i n  water consumption 
f o r  t h e  t echno log ica l ly  advanced c o a l  chains .  One can conclude 
from t h i s  t h a t  a l though water supply problems might occur f o r  
b ig  coa l  s l u r r y  p i p e l i n e  p r o j e c t s  i n  a r i d  regions ,  t h e  most 
s e n s i t i v e  f i g u r e  f o r  water requirements of coa l  cha ins  i s  t h e  
cool ing water in take .  Any improvement i n  t h e s e  requirements 
can o f f s e t  t h e  a d d i t i o n a l  water requirements due t o  c o a l  
s l u r r y  t r a n s p o r t a t i o n  i f  t h e  whole c o a l  energy chain  is  
considered. 
Energy 
The f i g u r e s  a s  presented in  Table 2 correspond t o  t h e  
d i r e c t  energy requirements f o r  opera t ion  only.  The motor and 
process hea t  f u e l  requirements have been converted t o  kwh 
equiva lent  on t h e  b a s i s  of t h e  thermal equiva lent  of e l e c t r i c i t y  
(1 kWh = 860 k c a l ) ,  i n  o rde r  t h a t  t o t a l  o p e r a t i o n a l  energy re- 
quirements be comparable wi th  t h e  output  of t h e  energy chains .  
For t h e  s o l a r  and LMFBR chains  no s u f f i c i e n t l y  r e l i a b l e  d a t a  
were a v a i l a b l e  t o  allow d e f i n i t i v e  conclusions.  Therefore it 
was decided n o t  t o  p resen t  t h e  energy d a t a  f o r  t h e s e  chains .  
In  any case ,  f o r  t h e  LMFBR chain t h e  energy requirements should 
be lower than i n  t h e  LWR1 chain,  a s  t h e  mining impact i s  con- 
s i d e r a b l y  lower and t h e  f u e l  cyc le  l e s s  complex (no enr ich-  
ment necessa ry ) ;  see  a l s o  Table A-2 i n  t h e  Appendix. 
For t h e  LWR2 chain using 60 ppm ore ,  information on energy 
requirements is poor; t h e r e f o r e  a  range of d a t a  (varying 
between 6.7 and 17.5% of  t h e  energy produced) i s  presented.  
The uncer t a in ty  i s  mainly due t o  a  wide range of d a t a  f o r  t h e  
uranium s h a l e  m i l l i n g  process  ( t h e  h ighes t  e s t ima tes  r e s u l t i n g  
i n  1076 106 kWh equiva lent  [81) . An in termedia te  value of 
about 600 106 kwh equiva lent  ( o r  about 10% of t h e  energy 
produced) could be considered a s  a  more r e a l i s t i c  e s t ima te  f o r  
t h e  energy requirements of t h e  LWR2 chain.  
I n  t h e  LWR1 case  t h e  energy requirements a r e  mainly due 
t o  t h e  uranium enrichment (consuming about 5% of t h e  energy 
output  of t h e  c h a i n ) .  A s  t h e  d a t a  presented corresponds only 
t o  t h e  d i r e c t  ope ra t iona l  energy requirements,  they  r e p r e s e n t  
consequently only a  f r a c t i o n  of t h e  t o t a l  ope ra t iona l  energy 
needs. I f  t h e  energy embodied i n  t h e  m a t e r i a l s  requi red  f o r  
T a b l e  2 .  Water ,  Energy ,  Land and  Manpower r e q u i r e m e n t s  f o r  e l e c t r i c i t y  
p r o d u c i n g  c h a i n s  ( o u t p u t :  6 . 1  Twh/yr) . 
Motor and process fuels have been converted into kwh on basis of 1 kwh = 860 kcal 
"This i s  the total area required for a rail track or slurry pipeline over 900 km 
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ope ra t ion  ( e .g .  s u l f u r i c  a c i d  f o r  t h e  uranium m i l l i n g ,  r e p l a c e -  
ment p a r t s  f o r  t h e  f a c i l i t i e s )  w e r e  t o  be inc luded ,  t h e  oper-  
a t i o n a l  energy expenses would amount t o  about  8% of t h e  energy 
produced in t h e  LWR1 cha in .  I n  o r d e r  t o  complete an energy 
a n a l y s i s ,  t h e  d i r e c t  energy r e q u i r e d  t o  c o n s t r u c t  t h e  f a c i l i t i e s  
f o r  t h e  energy cha in  and t h e  energy consumed f o r  t h e  f a b r i c a t i o n  
of  t h e  m a t e r i a l s  r e q u i r e d  t o  c o n s t r u c t  t h e s e  f a c i l i t i e s  would 
have t o  be  added. For t h e  LWR1 c h a i n  t h e  t o t a l  energy r e q u i r e d  
f o r  t h e  c o n s t r u c t i o n  and o p e r a t i o n  of t h e  cha in  would be  around 
11.51 of t h e  energy produced ( d i r e c t  and i n d i r e c t  c o n s t r u c t i o n  
energy requi rements  d iv ided  by t h e  l i f e t i m e ,  p l u s  t h e  annua l  
d i r e c t  and i n d i r e c t  o p e r a t i o n a l  energy requi rements )  . 
In t h e  f o u r  c o a l  c h a i n s  t h e  energy is mainly r e q u i r e d  f o r  
t h e  mining and t h e  t r a n s p o r t a t i o n  of c o a l .  I t  can be  concluded 
t h a t  t r a n s p o r t a t i o n  v i a  s l u r r y  p i p e l i n e  and s u r f a c e  mined c o a l  
are more energy e f f i c i e n t  t han  a l t e r n a t i v e  systems.  Consequently 
a combination of  bo th  (COAL 4) is  t h e  less energy-consuming cha in .  
Land 
For t h e  land  requi rements  as presen ted  i n  Table  2 t h e  
fo l lowing  d e f i n i t i o n s  w e r e  used. Fixed  land  u s e :  t h i s  i s  
t h e  a r e a  r e q u i r e d  f o r  t h e  sites of t h e  power p l a n t s  and t h e  
neces sa ry  f u e l  c y c l e  i n s t a l l a t i o n s .  This  l and  i s  used du r ing  
t h e  l i f e t i m e  of  t h e  f a c i l i t i e s  and can be re-used f o r  o t h e r  
purposes a f t e r  t h e  d e s t r u c t i o n  of t h e  i n s t a l l a t i o n s .  In  t h e  
ca se  of  t h e  n u c l e a r  c h a i n s  a  f r a c t i o n  of t h e  f i x e d  l and  u s e  
i s  r e s t r i c t e d  f o r  o t h e r  u ses  even a f t e r  t h e  l i f e t i m e  of t h e  
f a c i l i t i e s  ( c o r e  area of n u c l e a r  r e a c t o r s ,  h igh r a d i o a c t i v e  
zone o f  r e p r o c e s s i n g  p l a n t s ) ;  o r  is  r e q u i r e d  f o r  a t i m e  
per iod  exceeding t h e  l i f e t i m e  of  t h e  f u e l  c y c l e  f a c i l i t i e s  
( a r e a  f o r  waste s t o r a g e ) .  W e  t h e r e f o r e  speak of  permanent 
land  u s e .  For t h e  t r a n s p o r t a t i o n  f a c i l i t i e s ,  where w e  r e q u i r e  
on ly  a f r a c t i o n  of  t h e  t o t a l  c a p a c i t y  and where t h e  l a n d  u s e  
f o r  energy purposes does  n o t  exc lude  o t h e r  uses  (passenger  
t r a n s p o r t  by r a i l ,  a g r i c u l t u r a l  l and  u s e  ove r  underground 
p i p e l i n e s  o r  i n  Right  o f  Way l and )  one speaks of n o n - e x c l u s i v e  
l a n d .  The f i x e d  l a n d  u s e  and t h e  annual  mining impact cumulat- 
ed over  t h e  l i f e t i m e  of  30 y e a r s  of  t h e  energy c h a i n s  i s  
p re sen ted  i n  F igu re  3. From t h i s  f i g u r e  it can be  seen t h a t  
t h e  s o l a r  c h a i n s  are by f a r  t h e  l a r g e s t  l and  consumers 
( e s p e c i a l l y  SOLAR1 w i t h  Southern European s o l a r  r a d i a t i o n )  . 
The s m a l l e s t  l and  consumer i s  t h e  FBR cha in  ( t h i s  r e s u l t  would 
apply  t o  any nuc lea r  b reed ing  c o n c e p t ) .  The l a r g e  land  
requi rements  f o r  t h e  s o l a r  c a s e s  a r e  mainly due t o  t h e  h e l i o -  
s t a t  f i e l d s  o f  t h e  STEC modules. 
For t h e  non-exclusive l and  use  f o r  t h e  c o a l  t r a n s p o r t a t i o n ,  
t h e  t o t a l  l and  requi rements  f o r  a  900 km ra i lway  l i n e  o r  a s l u r r y  
p i p e l i n e  a r e  p re sen ted  i n  Table  2 .  The advantage of  r a i l  t r a n s -  
p o r t a t i o n  i s  more e v i d e n t  i f  t h e  land  requirements  per  ton-  
k i lometer  a r e  cons idered .  
FIXED LAND-USE 
MINED AREA 
MINED AREA FOR SEAM 
THICKNESS: 3.5 m 
COA L4 





Figure  3. Land requirements  f o r  e l e c t r i c i t y  producing 
c h a i n s  (ou tput :  6.1  Twh/yr) i n  km2 (exclud- 
i ng  non-exclusive land use  f o r  t r a n s p o r t a t i o n )  . 
The land  impact of mining o p e r a t i o n s  ( a r e a  mined o u t  o r  
a f f e c t e d  by subsidence)  cumulated over  30 y e a r s  i s  extremely 
important  i n  t h e  LWR2 case--33 km2 o r  97% o f  t h e  t o t a l  land 
requi rements ,  and i n  t h e  fou r  c o a l  cases--around 90% of  t o t a l  
l and  requirements .  A s  t h e  c o a l  cha ins  wi th  s u r f a c e  mining 
correspond t o  f a v o r a b l e  geo log ica l  c o n d i t i o n s ,  t h e  mining 
impact f o r  a s u r f a c e  mine wi th  on ly  a 3.5 m seam i n s t e a d  of 
9.2 m i s  a l s o  i n d i c a t e d  i n  F igure  3. 
The land  requirements  f o r  t h e  c o a l  and nuc lea r  cha ins  
cannot be c o m p a r e d ' d i r e c t l y  with  t h o s e  of t h e  s o l a r  cha ins .  
Although t h e  cumulat ive  mining impact, e s p e c i a l l y  i n  t h e  LRR2 
case ,  a l r e a d y  approaches t h e  s o l a r  c a s e s  it i s  i n  f a c t  a 
temporary impact,  and a f t e r  a per iod  of  between 5 and 10 yea r s  
dur ing  which r e c u l t i v a t i o n  t a k e s  p l a c e  t h e  d i s t u r b e d  land  can 
be re-used. A t  a given moment t h e  r e a l  a r e a  worked o r  under 
r e c u l t i v a t i o n  r e p r e s e n t s  on ly  a f r a c t i o n  of t h e  cumulat ive  
mining impact. One can t h e r e f o r e  conclude t h a t  t h e  s o l a r  
cha ins  have tremendous land  requirements  bo th  i n  a b s o l u t e  and 
i n  r e l a t i v e  t e r m s  compared t o  o t h e r  energy cha ins ,  even when 
cons ide r ing  extreme c a s e s  l i k e  t h e  LWR cha in  wi th  uranium s h a l e .  
Manpower 
The u n c e r t a i n t i e s  with r e spec t  t o  new technologies  (such 
a s  f l u i d i z e d  bed power p l a n t s  o r  s o l a r  f a c i l i t i e s )  have l e d  t o  
t h e  range of d a t a  presented f o r  t h e  manpower requirements f o r  
cons t ruc t ion  i n  Table 2. For t h e  s o l a r  cha ins  t h e  cons t ruc t ion  
manpower requirements a r e  between 3 and 13 t imes a s  high a s  t h e  
f i g u r e s  f o r  t h e  o t h e r  energy chains  and a r e  e s p e c i a l l y  g r e a t  i n  
t h e  SOLAR1 chain with European r a d i a t i o n .  
For t h e  s o l a r  cha ins  t h e  manpower requirements f o r  oper- 
a t i o n  a r e  unknown e s p e c i a l l y  f o r  t h e  l a r g e  s c a l e  100 MW u n i t s  
considered. The LMFBR chain (due t o  n e g l i g i b l e  mining impact 
and a  l e s s  complex chain)  i s  t h e  smal les t  consumer of manpower 
f o r  opera t ion .  In  t h e  c o a l  cha ins  two main conclusions can be 
drawn from t h e  f i g u r e s .  
--the economy of manpower requirements i n  t h e  coal  
cha ins  with s l u r r y  p i p e l i n e  t r anspora t ion  (COAL2 
and COAL4) ; 
--the s i g n i f i c a n t  impact of mining a s  r e f l e c t e d  i n  
t h e  high manpower requirements f o r  t h e  mines and 
t h e  much h igher  manpower p roduc t iv i ty  i n  s u r f a c e  
mines. 
The f i g u r e s  f o r  t h e  coa l  cha ins  with underground mines 
correspond q u i t e  we l l  t o  t h e  a c t u a l  average U.S. manpower 
p roduc t iv i ty  i n  underground mines, whereas t h e  manpower 
f i g u r e s  f o r  su r face  mines r e f l e c t  t h e  p a r t i c u l a r l y  favorable  
condi t ions  of t h e  mine chosen and, using t h e  average U.S. 
p r o d u c t i v i t y  f o r  s t r i p  mines, t h e  f i g u r e  would nea r ly  double. 
The o p e r a t i o n a l  manpower requirements f o r  t h e  LWR2 chain,  due 
t o  s i g n i f i c a n t  mining impact, a r e  a l ready of t h e  same o rde r  
of magnitude a s  t h e  COAL4 chain with s l u r r y  t r a n s p o r t a t i o n  
and strip-mined coal .  
Mater ia ls  
Table 3  p resen t s  t h e  m a t e r i a l  requirements f o r  t h e  con- 
s t r u c t i o n  (metals  and o t h e r  m a t e r i a l s  such a s  concre te)  and 
t h e  opera t ion  (non-energy mate r i a l s  such a s  chemicals and 
l imestone and energy mate r i a l s  such a s  coa l  o r  uranium). The 
cumulative ma te r i a l  requirements during t h e  l i f e t i m e  of t h e  
energy chain a r e  presented i n  Figure 4 f o r  c l a r i f i c a t i o n .  
The two s o l a r  cases  r e q u i r e  l a r g e  q u a n t i t i e s  of cons t ruc t ion  
m a t e r i a l s  ( s t e e l :  0.6-1.7 mi l l ion  tons ,  concrete:  1.9-6.3 
mi l l ion  t o n s ,  g l a s s :  up t o  0.25 mi l l ion  tons )  and a r e  genera l ly  
of  t h e  order  of  10 t o  40 t imes as  high a s  f o r  a l t e r n a t i v e  
systems. The range of d a t a  given i n  t h e  LWR cases  corresponds 
t o  t h e  range of metal  requirements f o r  cons t ruc t ion ,  depending 
on t h e  type of r e a c t o r  considered (U.S. o r  French d a t a  der ived  
from a  900 MWe PWR u n i t  [ 1 0 , 1 1 ] ) .  I f ,  on t h e  o the r  hand, 
t h e  cumulative ma te r i a l  requirements over t h e  l i f e t i m e  a r e  
considered (cons t ruc t ion  p lus  ma te r i a l s  f o r  opera t ion)  t h e  
T a b l e  3 .  M a t e r i a l  r e q u i r e m e n t s  f o r  e n e r g y  c h a i n s  p roduc ing  
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Figu re  4 .  Cumulated m a t e r i a l  r equ i r emen t s  - c o n s t r u c t i o n  
p l u s  30 y e a r s  o p e r a t i o n  f o r  energy  c h a i n s  pro- 
duc ing  6.1 T w h / y r - i n  10e6 t o n s  
g e n e r a l  t r e n d  of  s o l a r  t echno log ie s  ( v e r ~ h i g h  i n i t i a l  inves tment ,  
low o p e r a t i n g  c o s t s )  is  confirmed. A s  t h e  s o l a r  c a s e s  consume 
p r a c t i c a l l y  no energy m a t e r i a l s ,  t h e  o v e r a l l  q u a n t i t y  of mate- 
r i a l s  which have t o  be mined, processed and manipulated a r e  much 
smal le r  t han  i n  t h e  c o a l  c a s e s  o r  i n  t h e  LWR2 case .  For t h e  
l a t t e r ,  1 1 9  m i l l i o n  tonnes  of uranium s h a l e  have t o  be e x t r a c t e d ,  
processed and t h e  r e s u l t i n g  wastes  d i sposed  o f .  Th i s  i s  com- 
p a r a b l e  w i th  t h e  amounts of c o a l  which have t o  be  mined and 
t r a n s p o r t e d  i n  t h e  f o u r  c o a l  cha ins  (between 39 and 8 4  m i l l i o n  
tonnes  of c o a l  f o r  30 yea r s  o p e r a t i o n ) .  I n  a d d i t i o n  t o  t h e  
c o a l ,  t h e  envi ronmenta l ly  c o n t r o l l e d  c o a l  c h a i n s  wi th  f l u i d i z e d  
bed power p l a n t s  r e q u i r e  b i g  q u a n t i t i e s  o f  l imes tone ;  i n  f a c t  
it should be  noted t h a t  t h i s  f i g u r e  cou ld  be d r a s t i c a l l y  reduced 
by us ing  a r e g e n e r a t i v e  system. 
CONCLUSION 
From t h e  s tudy  on energy cha ins  f o r  t h e  produc t ion  of  
e l e c t r i c i t y ,  it can be seen t h a t  t h e  l a r g e  s c a l e  u s e  of t h e  
s o l a r  STEC technology,  because of  huge l and  requi rements ,  would 
be  p o s s i b l e  o n l y  i n  f a v o r a b l e  areas wi th  h igh  s o l a r  r a d i a t i o n .  
It can a l s o  c o n f l i c t  w i th  o t h e r  p o s s i b l e  l and  uses  ( e . g .  a g r i c -  
u l t u r e ) .  I n  a d d i t i o n ,  s i n c e  t h e  m a t e r i a l  and manpower r e q u i r e -  
ments f o r  t h e  c o n s t r u c t i o n  of t h e  h e l i o s t a t  f i e l d s  a r e  enormous 
t h i s  cou ld  c r e a t e  problems f o r  t h e  e s t ab l i shmen t  of  an a p p r o p r i a t e  
i n f r a s t r u c t u r e  (housing f o r  workers,  t r a n s p o r t a t i o n  f a c i l i t i e s  
f o r  materials, e t c . ) .  On t h e  o t h e r  hand, t h e r e  i s  c e r t a i n l y  
a p o t e n t i a l  f o r  improving t h e  WELMM requi rements  o f  t h e  s o l a r  
STEC technology through mass produc t ion  and/or d e s i g n  and 
e f f i c i e n c y  improvements. 
The s t u d y  has  a l s o  r e v e a l e d  t h a t  t h e  l o g i c a l  c o n t i n u a t i o n  
of  a long term n u c l e a r  s t r a t e g y  l i e s  i n  t h e  u se  o f  t h e  FBR 
technology,  because of  t h e  s i g n i f i c a n t  impacts of t h e  materials 
t o  be  handled and a r e a s  mined r e s u l t i n g  from t h e  use  of  lower 
grade  o r e s  when t h e  p r e s e n t  high-grade uranium r e s o u r c e s  are 
d e p l e t e d .  In  t h e  extreme c a s e  o f  us ing  uranium s h a l e  of  60 ppm, 
t h e  LWR technology approaches o r  even s u r p a s s e s  t h e  impacts  o f  
c o a l  e l e c t r i c i t y  systems which produce t h e  same amount o f  energy.  
For t h e  c o a l  cha ins  one has  t o  n o t e  t h a t  t h e y  r e f l e c t  f a v o r a b l e  
mining c o n d i t i o n s  combined wi th  h igh  q u a l i t y  c o a l ,  t h e  mining 
impact o f  t h e s e  c h a i n s  ( e s p e c i a l l y  impor tan t  f o r  manpower, l and  
and energy materials r e q u i r e d )  is  t h e r e f o r e  s u b j e c t  t o  a wide 
range  o f  v a r i a t i o n  (see f o r  example t h e  impact o f  t h e  changing 
seam t h i c k n e s s  o f  t h e  land  requi rements  f o r  mining i n  F i g u r e  3 ) ,  
e s p e c i a l l y  i f  one w e r e  t o  cons ide r  Western European c o n d i t i o n s .  
The re fo re  t h e  impacts  of mining o p e r a t i o n s  w i l l  become even 
more impor tan t  i n  t h e  f u t u r e  e s p e c i a l l y  i n  view of worsening 
g e o l o g i c a l  c o n d i t i o n s ;  t h e  two most s e n s i t i v e  r e s o u r c e s  
a f f e c t e d  w i l l  b e  land  and manpower. Advanced c o a l  technology 
i s  no t  l i k e l y  t o  r e l i e v e  t h e  impacts on n a t u r a l  r e s o u r c e s  
(except  f o r  minor improvements i n  t h e  w a t e r  and d i r e c t  energy 
requi rements )  b u t  could s i g n i f i c a n t l y  reduce  t h e  environmental  
impacts o f  t h e  conven t iona l  c o a l - e l e c t r i c  systems (see a l s o  
Table  7 i n  t h e  second p a r t  of  t h i s  p a p e r ) .  
WELMM COMPARISON OF USEFUL 
ENERGY CHAINS 
A r e f e r e n c e  demand on t h e  u s e f u l  energy l e v e l  was de f ined  
and then  a l t e r n a t i v e  supply o p t i o n s  f o r  t h e  product ion of t h e  
f i n a l  energy r e q u i r e d  t o  meet t h i s  demand were cons idered .  
A compet i t ive  market t h e r e f o r e  e x i s t s  between va r ious  energy 
v e c t o r s  ( i n  ou r  c a s e  e l e c t r i c i t y  and g a s )  which provide  t h e  
same s e r v i c e  t o  t h e  consumer, though wi th  d i f f e r e n t  q u a n t i t i e s  
of f i n a l  energy.  
The u s e f u l  energy ou tpu t  o f  t h e  cha ins  was de f ined  a s  
0.65 Mtce and was d i s t r i b u t e d  a s  fol lows:  
72% space hea t ing  .468 Mtce 
19% ho t  water  . I24 Mtce 
7% cooking .045 Mtce 
2% d ry ing  .013 Mtce 
1 0 0 %  t o t a l  u s e f u l  energy .65 Mtce 
This  corresponds t o  t h e  average d i s t r i b u t i o n  f o r  r e s i d e n t i a l  
u s e f u l  energy consumption (exc luding  s p e c i f i c  e l e c t r i c i t y  
e .g .  f o r  e l e c t r i c  l i g h t i n g  and motors)  i n  t h e  United S t a t e s  
[ 1 2 ] .  For each of t h e  energy uses  de f ined  above an e f f i c i e n c y  
of t h e  end use app l i ances  between f i n a l  and u s e f u l  energy was 
de f ined  i n  o r d e r  t o  determine t h e  f i n a l  energy requirements  
(Table 4 ) .  The supply op t ions  cons idered  a r e  based on p r e c i s e  
p r o j e c t s  i n  t h e  U.S .A. ;  c o n s i s t i n g  of a c o a l  mine ( E l  Paso 
consol )  w i th  e i t h e r  an a s s o c i a t e d  high BTU c o a l  g a s i f i c a t i o n  
complex of 280 m i l l i o n  s c f t *  p e r  day o r  a f l u i d i z e d  bed 
c o a l - f i r e d  power p l a n t  ( t h e  e l e c t r i c a l  c a p a c i t y  e q u i v a l e n t  t o  
t h e  g a s i f i c a t i o n  p l a n t  would be about  3000 MW) . A s  a t h i r d  
a l t e r n a t i v e  t h e  import of  l i q u e f i e d  n a t u r a l  gas  (LNG)  was 
cons idered .  For t h e  de f ined  o u t p u t  o f  0.65 Mtce u s e f u l  energy 
of  t h e  cha ins  on ly  a f r a c t i o n  of  t h e  t o t a l  c a p a c i t y  of t h e  above 
* 
Standard c u b i c  f e e t  
Table 4 .  Main c h a r a c t e r i s t i c s  of u s e f u l  energy c h a i n s  
(output :  3.65 Mtce u s e f u l  energy/yr) .  
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30.74% 34.03% 48.35% 
mentioned p r o j e c t s  i s  r equ i r ed ;  i n  t h e  c a s e  of t h e  c o a l - e l e c t r i c  
cha in  t h e  r e q u i r e d  f r a c t i o n  corresponds t o  a  1000 MW c o a l - f i r e d  
power p l a n t .  Therefore  t h e  r e s u l t s  of t h e  WELMM e v a l u a t i o n  of  
t h i s  cha in  a r e  comparable (minemouth ve r sus  load  c e n t e r  e l e c t r i c  
convers ion)  t p  t h e  c o a l  cha ins  p resen ted  i n  t h e  prev ious  c h a p t e r .  
Table  4 summarizes t h e  main c h a r a c t e r i s t i c s  of t h e  t h r e e  cha ins  
s t u d i e d ,  and a  d e t a i l e d  d e s c r i p t i o n  of them fo l lows .  
COAL ELECTRIC 
To d e l i v e r  0.65 Mtce of u s e f u l  energy,  0.7 M t c e  f i n a l  energy 
( e l e c t r i c i t y  ) a r e  r e q u i r e d  (average  end use  e f f i c i e n c y  of  e l e c -  
t r i c i t y  : 92.6%).  Taking i n t o  account  t h e  e f f i c i e n c i e s  f o r  t h e  
t r a n s p o r t  and d i s t r i b u t i o n  of  e l e c t r i c i t y  and o f  t h e  environmen- 
t a l l y  c o n t r o l l e d  a tmospher ic  f l u i d i z e d  bed power p l a n t ,  t h i s  
r e s u l t s  i n  2.11 Mtce primary energy ( c o a l  i n p u t  i n t o  t h e  power 
p l a n t )  . 
SYNTHETIC NATURAL GAS (SNG) 
In  t h i s  cha in  1.02 Mtce f i n a l  energy i n  t h e  form o f  gas  have 
t o  be d e l i v e r e d  t o  t h e  consumer t o  p rov ide  0.65 Mtce of  u s e f u l  
energy (average end use  e f f i c i e n c y  of  gas:  6 4 % ) .  1.91 Mtce of 
primary energy i n  t h e  form of  c o a l  have t o  be d e l i v e r e d  t o  t h e  
Lurg i  oxygen blown g a s i f i c a t i o n  p l a n t  (no by-product c r e d i t  was 
included i n  t h e  c a l c u l a t e d  e f f i c i e n c y  of t h e  plant--57.2%) . 
Compared t o  t h e  c o a l - e l e c t r i c  o p t i o n  t h e  q u a n t i t y  o f  primary 
energy r equ i r ed  ( c o a l  which has  t o  be produced from t h e  same mine 
a s  i n  t h e  c o a l - e l e c t r i c  c h a i n ) ,  i s  s l i g h t l y  lower. A s  both 
f a c i l i t i e s  (power p l a n t  and g a s i f i c a t i o n  p l a n t )  would be minemouth 
f a c i l i t i e s ,  SNG a s  w e l l  a s  e l e c t r i c i t y  have t o  be t r a n s p o r t e d  over  
an assumed d i s t a n c e  of  800 km. A conse rva t ive  assumption was made 
t h a t  t h e  g a s  t r a n s p o r a t i o n  and d i s t r i b u t i o n  system had t h e  same 
e f f i c i e n c y  a s  t h e  e l e c t r i c  one,  a l though  it is  sometimes claimed 
t o  be more e f f i c i e n t  [ I  31 . 
LIQUIEFIED NATURAL GAS (LNG)  
T h i s  i s  t h e  most energy e f f i c i e n t  cha in ,  a l though  it is  
a l s o  t h e  most complex one. 1.02 Mtce g a s  have t o  be  d e l i v e r e d  
a s  i n  t h e  SNG cha in  t o  t h e  consumer, bu t  t h i s  r e q u i r e s  on ly  
1.34 Mtce of n a t u r a l  g a s  a t  t h e  primary energy l e v e l .  For t h e  
primary g a s  produc t ion  it i s  assumed t h a t  t h e  gas  would be pro- 
duced o f f s h o r e  and under ex t remely  d i f f i c u l t  cond i t i ons .  For 
t h i s  purpose d a t a  on North Sea product ion p l a t fo rms  have been 
used a s  an example. For t h e  l i q u e f a c t i o n  f a c i l i t i e s  d a t a  from 
t h e  E l  Paso A l g e r i a  I1 p r o j e c t  w e r e  used; t h e  LNG cha in  consid-  
e r e d  would r e q u i r e  about  one t e n t h  of  t h e  c a p a c i t y  of t h i s  one 
b i l l i o n  s c f t  p e r  day p r o j e c t .  The LNG would be imported t o  
t h e  U.S.A. over  a  d i s t a n c e  e q u i v a l e n t  t o  t h a t  from t h e  Middle 
Eas t  (round t r i p  d i s t a n c e  10150 n a u t i c a l  m i l e s ) .  To be cons i s -  
t e n t  wi th  o t h e r  c h a i n s  w e  e q u a l l y  assumed a  800 km t r a n s p o r t a t i o n  
d i s t a n c e  from t h e  import  t e r m i n a l  t o  t h e  consumer. This  hypo- 
t h e s i s  a l s o  r e f l e c t s  t h e  d i f f i c u l t y  of i n s t a l l i n g  LNG import  
t e r m i n a l s  c l o s e  t o  popula ted  a r e a s  f o r  s a f e t y  reasons .  
WELMM ANALYSIS 
Table  5  g i v e s  an overview of t h e  WELMM requirements  f o r  t h e  
t h r e e  u s e f u l  energy cha ins .  
Water 
The c o a l - e l e c t r i c  cha in  is  by f a r  t h e  l a r g e s t  water  consumer. 
The huge wate r  i n t a k e  i n  t h e  LNG cha in  corresponds t o  seawater  
i n t a k e .  During t h e  l i q u e f a c t i o n  process  waste h e a t  i s  d i scha rged  
wi th  seawater .  For t h e  r e g a s i f i c a t i o n  process  t h e  l i q u e f i e d  g a s  
has  t o  be heated;  t h i s  can e i t h e r  be done by f u e l  f i r e d  b o i l e r s -  
-which would r e s u l t  i n  a  f u e l  consumption e q u i v a l e n t  t o  2% of t h e  
h e a t i n g  va lue  of  t h e  LNG gas i f i ed - -o r  by a  more energy e f f i c i e n t  
method where seawater  i s  cooled down i n  t h e  process  of  LNG re- 
g a s i f i c a t i o n  (cons idered  i n  t h i s  s t u d y ) .  A l l  t h i s  e x p l a i n s  t h e  
s i g n i f i c a n t  seawater  i n t a k e  f o r  t h e  LNG cha in .  
Energy 
From t h e  energy p o i n t  of view t h e  LNG cha in  is  t h e  most 
e f f i c i e n t  one--the convers ion l o s s e s  between primary and u s e f u l  
energy being on ly  0.32 Mtce compared t o  0.89 Mtce f o r  t h e  SNG 
and 1.41 Mtce f o r  t h e  c o a l - e l e c t r i c  cha ins .  The c o a l - e l e c t r i c  
cha in  is  t h e  l e a s t  e f f i c i e n t  one, wi th  an o v e r a l l  system e f f i -  
c iency  of 30.74% (between primary and u s e f u l  energy,  t h e  mining 
l o s s e s  a r e  n o t  t aken  i n t o  account )  . With a  p r e s s u r i z e d  
f l u i d i z e d  bed system t h e  thermal  e f f i c i e n c y  of t h e  power p l a n t  
could be i nc reased  from t h e  35.7% cons idered  i n  t h e  coa l -e lec-  
t r i c  cha in  t o  about 40%. The o v e r a l l  system e f f i c i e n c y  would 
t h u s  be s i m i l a r  t o  t h o s e  of t h e  SNG cha in  i . e .  around 34%. 
Land 
A s  seen i n  F igu re  5  t h e  l e a s t  l and  i n t e n s i v e  c h a i n  is  aga in  
t h e  LNG one. The l and  requi rements  f o r  h a r v e s t i n g  t h e  primary 
energy a r e  ze ro  ( o f f s h o r e  gas  f i e l d )  and t h e  f i x e d  l and  use f o r  
export - import  t e r m i n a l s ,  li u e f a c t i o n  and r e g a s i f i c a t i o n  p l a n t s  9 e t c .  amount on ly  t o  0.33 km compared t o  2.5 km2 f o r  t h e  coa l -  
e l e c t r i c  and 2.8 km2 f o r  t h e  SNG cha in ,  For t h e  non-exclusive  
land  use  it i s  i n t e r e s t i n g  t o  n o t e  t h e  o r d e r  of magnitude o f  
t h e  impact of  t h e  e l e c t r i c i t y  t r a n s p o r t a t i o n  and d i s t r i b u t i o n  
system. The c o a l  e l e c t r i c  c h a i n  r e q u i r e s  between 43.1 and 
55.5 km2 right-of-way land  f o r  a  500 o r  745 kV line over  800 km. 
Whereas t h e  g a s  p i p e l i n e  over  t h e  same d i s t a n c e  r e q u i r e s  o n l y  
12.1 km2. The d i f f e r e n c e  is  accentua ted  i f  w e  c o n s i d e r  t h a t  
t h e  c o a l  e l e c t r i c  cha in  r e q u i r e s  80% o r  40% of t h e  c a p a c i t y  of  
t h e  500 o r  745 kV l i n e s  r e s p e c t i v e l y  [ 1 4 ] .  Whereas t h e  g a s  
cha in  r e q u i r e s  on ly  10% of  t h e  p i p e l i n e  c a p a c i t y  cons idered .  
Ta b le  5. WELMM a s p e c t s  o f  u s e f u l  energy  c h a i n s  
( ou tpu t :  0.65  Mtce/yr use£ u l  ene rgy )  . 
'Total area required for electricitylgas transport over 800 km 
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15.8 4.5 50 
9.5 4.5 0 
1.41 0.89 0.33 
2.5 2.8 0.3 
43.1-55.5 12.1 12.1 
0.9 0.8 0 
4800-7200 3340 5050 
560 580 300 
3.2 2.9 0.8 
43.3 38.8 0 
2.2 1.4 NEGL. 
48.7 43.1 0.8 
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  land  requirements  f o r  
t r a n s p o r t  f o r  t h e  load  c e n t e r  e l e c t r i c a l  systems wi th  long 
d i s t a n c e  c o a l  t r a n s p o r t  (p re sen ted  i n  t h e  prev ious  chap te r  on 
e l e c t r i c i t y  producing c h a i n s )  a r e  sma l l e r  t han  t h o s e  o f  mine- 
mouth e l e c t r i c a l  convers ion wi th  long-d is tance  e l e c t r i c t y  t r a n -  
s p o r t .  The 43 .1  t o  55.5 km2 a t  80% o r  40% s h a r e  of  c a p a c i t y  
r e s p e c t i v e l y ,  compare t o  1 1 . 3  km2 f o r  r a i l  t r a n s p o r t  (around 
6% s h a r e  of  c a p a c i t y )  and 28.3 km2 (about  10% s h a r e  of  c a p a c i t y )  
f o r  c o a l  s l u r r y  t r a n s p o r t  over  a  s i m i l a r  d i s t a n c e .  
The mining impact cumulated ove r  30 y e a r s  i n  t h e  coal-  
e lectr ic cha in  i s  s l i g h t l y  h ighe r  t h a n  i n  t h e  SNG cha in ,  due 
t o  t h e  smaller o v e r a l l  systems e f f i c i e n c y  (more c o a l  has  t o  
be mined o u t )  . 
Table  5 p r e s e n t s  t h e  manpower requirements  f o r  c o n s t r u c t i o n  
and o p e r a t i o n  o f  t h e  t h r e e  cha ins  cons idered .  For t h e  cons t ruc-  
t i o n  manpower requi rements  i n  t h e  c a s e  o f  t h e  c o a l - e l e c t r i c  cha in  
a range of  d a t a  has  been presen ted .  This  i s  due t o  t h e  f a c t  t h a t  
f o r  t h e  f l u i d i z e d  bed power p l a n t  t h e  a v a i l a b l e  d a t a  [ 1  41 i n d i c a t e  
h igher  manpower requirements  when compared t o  convent iona l  coa l -  
f i r e d  power p l a n t s .  
Secondly,  t h e  manpower requi rements  f o r  t h e  c o n s t r u c t i o n  of  
t h e  e l e c t r i c i t y  t r a n s p o r t a t i o n  and d i s t r i b u t i o n  system (4000 man- 
y e a r s  o r  more--see [ 1  41 , [ 1  51 f o r  example) are ve ry  high compared 
t o  t h e  manpower requi rements  f o r  t h e  c o n s t r u c t i o n  of t h e  g a s  
p i p e l i n e  and d i s t r i b u t i o n  system (around 800 man-years , see [I  41 
f o r  example).  A s  t h e  e l e c t r i c i t y  d i s t r i b u t i o n  system is  g e n e r a l l y  
more d e c e n t r a l i z e d  and t h e r e f o r e  more construction-manpower i n t en -  
s i v e  than  gas  d i s t r i b u t i o n  systems,  and f o r  t h e  purpose of  our  
comparison on t h e  u s e f u l  energy l e v e l ,  t h e  same degree  o f  decen- 
t r a l i z a t i o n  would be r e q u i r e d  f o r  bo th  energy v e c t o r s .  The d a t a  
a v a i l a b l e  a r e  a f f e c t e d  by t o o  much u n c e r t a i n t y  t o  a l l ow f o r  de- 
f i n i t i v e  conc lus ions  wi thout  a  d e t a i l e d  a n a l y s i s  of a l t e r n a t i v e  
t r a n s p o r t a t i o n  and d i s t r i b u t i o n  systems.  The range of d a t a  pre-  
s en t ed  t h e r e f o r e  p u t s  t h e  c o n s t r u c t i o n  manpower requi rements  i n t o  
a  r e l a t i v e  c o n t e x t  f o r  comparison wi th  a l t e r n a t i v e  energy c h a i n s ,  
r a t h e r  t han  r e p r e s e n t i n g  reliable a b s o l u t e  va lues .  
For o p e r a t i o n a l  manpower requi rements  one can conclude t h a t  
t h e  LNG cha in  i s  t h e  l e a s t  manpower-intensive one,  whereas f o r  
t h e  c o a l  based cha ins  no d i f f e r e n c e  i n  t h e  o p e r a t i o n a l  manpower 
has been found. 
Materials I 
Table  6  p r e s e n t s  t h e  m a t e r i a l  requirements  f o r  t h e  cons t ruc-  
t i o n  of t h e  t h r e e  a l t e r n a t i v e  u s e f u l  energy cha ins .  The LNG and 
SNG cha ins  a r e  g e n e r a l l y  more c o n s t r u c t i o n - m a t e r i a l - i n t e n s i v e  
than t h e  c o a l - e l e c t r i c  cha in ,  due t o  more complex technology.  
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Figure  5. Land impacts of u s e f u l  ene gy cha ins  5 producing 0.65  Mtce ( i n  km ) . 
Table 6. Ma te r i a l  requirements  f o r  t h e  c o n s t r u c t i o n  
of u s e f u l  energy cha ins ,  i n  t o n s  (ou tpu t :  
0.65 Mtce/yr u s e f u l  energy) . 
STEEL 
OTHER METALS 
T O T A L  METALS 
OTHER MATERIALS: 
CONCRETE 
These obse rva t ions  change d r a s t i c a l l y  i f  t h e  m a t e r i a l  a s p e c t s  
f o r  t h e  ope ra t ion  of t h e  cha ins  a s  presented  i n  Table 5 a r e  
considered.  The energy m a t e r i a l s  and o t h e r  m a t e r i a l s  handled 
a r e  p r a c t i c a l l y  n e g l i g i b l e  i n  t h e  LNG chain  (0 .8  m i l l i o n  t o n s  
per  year )  ; whereas f o r  t h e  coal-based systems, i n  a d d i t i o n  t o  
t h e  c o a l  r equ i red  (between 2.9 and 3.2 m i l l i o n  tons /yea r )  ,* 
a d d i t i o n a l  m a t e r i a l s  ( l i k e  overburden) have t o  be mined, man- 
i p u l a t e d  and disposed of a t  t h e  c o a l  mine. The t o t a l  mass of 
m a t e r i a l s  handled each yea r  t h u s  amounts t o  43.1 t o  48.7 m i l -  
l i o n  t o n s  and accen tua te s  t h e  advantage of t h e  LNG chain  (only  
0.8 m i l l i o n  t o n s  handled per  y e a r ) .  
COAL-ELECTRIC SNG LNG 
59556 98036 97305 
13488 2716 614 
73044 100752 97919 
153400 96067 78613 
CONCLUSION 
To conclude w e  can summarize t h e  above d i s c u s s i o n  on t h e  
WELMM requirements  of u s e f u l  energy cha ins  i n  two main a r e a s .  
The f i r s t  one d e a l s  w i th  t h e  advantages of t h e  LNG chain  com- 
pared t o  t h e  SNG o r  c o a l - e l e c t r i c  system.t  Secondly, t h e  coa l -  
electr ic chain  descr ibed  i n  t h i s  s e c t i o n  can be compared t o  
t h a t  descr ibed  i n  t h e  previous sec t ion .  Th i s  r e s u l t s  i n  a 
comparison of  minemouth ve r sus  load  c e n t e r  electr ic conversion.  
The key ques t ion  f o r  t h e  u s e f u l  energy c h a i n s  i s  c e r t a i n l y  
t h a t  of t h e  energy e f f i c i e n c y .  LNG ( t h e  most e f f i c i e n t  tech- 
nology) g e n e r a l l y  shows t h e  lowest r e source  requirements .  In  
cons ide r ing  t h e  two coal-based systems t h e  advantage of t h e  SNG 
chain  over  t h e  c o a l - e l e c t r i c  one i n  terms of  energy e f f i c i e n c y  
i s  r e f l e c t e d  i n  t h e  WELMM a n a l y s i s  f o r  t h e  land and m a t e r i a l  
impacts. A s  a l r e a d y  mentioned, t h e  e f f i c i e n c y  of t h e  power p l a n t  
* 
The c o a l  requirements  f o r  t h e  c o a l - e l e c t r i c  cha in  considered 
a r e  a l s o  h ighe r  than  those  of t h e  c o a l  cha ins  presented  i n  
t h e  previous s e c t i o n  (3.2 m i l l i o n  tons/year  compared t o  2.6 
t o  2.8 m i l l i o n  tons /year )  due t o  t h e  lower h e a t  c o n t e n t  of 
t h e  c o a l  used i n  t h e  p r o j e c t  considered [ 161 . 
tFrom t h e  r e source  management ( o r  WELMM) p o i n t  of view. 
could be increased  i n  o r d e r  t h a t  t h e  o v e r a l l  c o a l - e l e c t r i c  
system e f f i c i e n c y  i s  equa l  t o  t h a t  of t h e  S N G  chain.  On t h e  
o t h e r  hand t h e  assumptions f o r  t h e  e f f i c i e n c y  of t h e  S N G  system 
w e r e  r a t h e r  conse rva t ive  (bo th  f o r  t h e  gas  t r a n s p o r t  and d i s t r i -  
bu t ion  and f o r  t h e  g a s i f i c a t i o n  p l a n t )  s o  t h e r e  a l s o  appears  t o  
be a p o s s i b i l i t y  f o r  i n c r e a s i n g  t h e  systems e f f i c i e n c y  of t h e  
SNG chain  which would then  preserve  i ts  s l i g h t  advantage,  i n  
terms of energy e f f i c i e n c y ,  land and m a t e r i a l  requirements ,  
over  t h e  c o a l - e l e c t r i c  cha in .  The huge q u a n t i t i e s  of m a t e r i a l s  
manipulated ( c o a l ,  overburden, wastes ,  etc . ) every year  i n  the  
coal-based systems a r e  a l s o  r e f l e c t e d  in o t h e r  WELMM parameters 
( i .e .  manpower f o r  ope ra t ion  and land requirements  f o r  mining) .  
W e  can t h e r e f o r e  conclude t h a t  t h e  LNG chain  i s  t h e  l e a s t  
resource  i n t e n s i v e  cha in  of  t h e  t h r e e  a l t e r n a t i v e s  considered.  
The SNG chain  shows a s l i g h t  advantage i n  t h e  resource  requi re -  
ments ( e s p e c i a l l y  important  f o r  water and non-exclusive land 
use)  over  t h e  a l t e r n a t i v e  c o a l - e l e c t r i c  system. 
In  comparing t h e  c o a l - e l e c t r i c  system with e l e c t r i c i t y  pro- 
duc t ion  n e a r  t h e  m i n e  and then  long-dis tance t r a n s p o r t a t i o n  of 
e l e c t r i c i t y  t o  t h e  main consuming a r e a s  with  t h e  c o a l  e l e c t r i c  
systems descr ibed  i n  t h e  previous s e c t i o n ,  where c o a l  i s  t r a n s -  
por ted  over  long d i s t a n c e s  t o  t h e  powerplant l oca ted  c l o s e  t o  
t h e  demand a r e a s ,  one can conclude t h a t  t h e  load  c e n t e r  e l e c t r i c  
conversion shows more f avorab le  r e s u l t s  than  t h e  minemouth elec- 
t r i c  conversion.  The h igh  vo l t age  t ransmiss ion  l i n e s  a r e  very  
investment- intensive i n  t e r m s  of c o n s t r u c t i o n  m a t e r i a l s  (73 103 
t o n s  of meta ls  compared t o  43 t o  67 103 t o n s  f o r  r a i l  o r  c o a l  
s l u r r y  t r a n s p o r a t i o n  over  a s l i g h t l y  longer  d i s t a n c e ) .  In  
a d d i t i o n  t h e  land  requirements--although non-exlusive i n  nature-  
-a re ,  f o r  t h e  t r ansmiss ion  l i n e s ,  an o r d e r  of  magnitude higher  
than f o r  t h e  r a i l  l i n e s  o r  s l u r r y  p i p e l i n e s .  
The WELMM a n a l y s i s  can be en larged  by inc luding  o t h e r  
c r i t e r i a  such a s  economic o r  environmental  c o n s i d e r a t i o n s .  
Economic d a t a  f o r  t h e  conc re t e  c a s e  of t h e  u s e f u l  energy cha ins  
have t h e  tendency t o  be misleading a s  t h e  c o s t  e s t ima tes  f o r  new 
technologies  (i.e. those  n o t  y e t  implemented on a commercial 
s c a l e )  a r e  a f f e c t e d  by t o o  much unce r t a in ty .  In  a d d i t i o n  t h e  
p r i c e  of imported LNG cannot be p red ic t ed  wi th  t h e  d e s i r a b l e  
degree of accuracy: i n  many c o u n t r i e s  (e.g. i n  Europe) t h e  
LNG p r i c e s  a s  f i x e d  i n  t h e  c o n t r a c t s  a r e  even n o t  publ ished.  
W e  t h e r e f o r e  decided n o t  t o  p r e s e n t  economic d a t a  b u t  r a t h e r  
t o  r e f e r  t o  t h e  p u b l i c a t i o n s  a l r eady  mentioned which g i v e  
d e t a i l s  on c o s t  comparisons [12,13] .  These d a t a  r e f l e c t  
gene ra l  t endencies  r a t h e r  than  accura t e  e s t i m a t e s  and have t o  
be understood i n  t h e  s p e c i f i c  con tex t  f o r  which they  have been 
e l abora t ed .  Nevertheless  it i s  worth no t ing  t h a t  t h e  WELMM 
eva lua t ion  r e s u l t s  i n  t h e  same t r e n d  a s  economic a n a l y s i s :  
t h e  LNG and, t o  a lesser e x t e n t ,  t h e  SNG cha in ,  a l though c a p i t a l -  
i n t e n s i v e  ( a s  r e f l e c t e d  i n  t h e  manpower and m a t e r i a l  requirements  
f o r  c o n s t r u c t i o n )  a r e  more economical ( a l s o  i n  t h e  sense of t h e  
n a t u r a l  resources  r equ i red )  t o  ope ra t e .  
For an environmental  a n a l y s i s ,  some a s p e c t s  a r e  included 
e x p l i c i t l y  i n  t h e  WELMM approach ( i .e .  water ,  land and m a t e r i a l s  
inc luding  was te s ) .  Apart  from t h e  environmental  advantages of 
us ing  n a t u r a l  gas  (no mining impact, low a i r  emiss ions ) ,  environ- 
mental d a t a  i n c r e a s e  t h e  advantage of SNG over e l e c t r i c i t y ,  prod- 
uced even wi th  "environmentally c o n t r o l l e d "  t echno log ies  l i k e  
f l u i d i z e d  bed power p l a n t s .  Although t h e r e  is a wide range f o r  
a i r  emission d a t a  (depending e s s e n t i a l l y  on t h e  q u a l i t y  of c o a l  
used which is  unfo r tuan te ly  n o t  always e x p l i c i t l y  s t a t e d  i n  
environmental  s t u d i e s ) .  Table 7 p r e s e n t s  a range of a i r  emission 
f i g u r e s  f o r  t h e  SNG and "environmental ly  c o n t r o l l e d "  e l e c t r i c i t y  
genera t ion  p l a n t s  r equ i red  f o r  t h e  u s e f u l  energy cha ins .  
S y n t h e t i c  n a t u r a l  gas  product ion causes  cons iderably  lower 
a i r  emission than  c o a l - e l e c t r i c  systems. Other environmental  
advantages,  l i k e  sma l l e r  water  requirements ,  s l i g h t l y  sma l l e r  
mining impacts and reduced land  impacts,  stress t h e  advantage 
of SNG over t h e  c o a l - e l e c t r i c  system. 
I t  can t h e r e f o r e  be concluded t h a t  t h e  s tudy  on u s e f u l  
energy cha ins  has  revea led  t h a t  l i q u i f i e d  n a t u r a l  g a s  (LNG)  
has a c l e a r  advantage i n  t e r m s  of  energy e f f i c i e n c y ,  most 
resource  requirements  and environmental  impacts. When com- 
par ing  t h e  use  of c o a l  e i t h e r  f o r  e l e c t r i c i t y  gene ra t ion  o r  
f o r  t h e  product ion of s y n t h e t i c  n a t u r a l  gas  (SNG) t h e  s l i g h t  
advantage of t h e  l a t t e r  in t e r m s  of energy e f f i c i e n c y ,  land ,  
manpower and m a t e r i a l  requirements  i s  accentuated when con- 
s i d e r i n g  environmental  impacts l i k e  a i r  emissions.  
T a b l e  7 .  Summary of  env i ronmenta l  a s p e c t s  
c o a l  g a s i f i c a t i o n  and e l e c t r i c i t y  
Notes: 
lFigures marked with an asterix were derived from the El Paso Consol Project [I61 ; all other figures indicate the range 
of data as compiled in [171. 
2~igures based on low sulfur western coal (similar to El Paso coal); solid waste figures vary depending i f  a regenerative 
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GENERAL CONCLUSION 
The type  of information t h a t  i s  obta ined  from a  WELMM anal -  
y s i s  may provide d e c i s i o n  makers wi th  a d d i t i o n a l  knowledge of t h e  
n a t u r a l  resource  a s p e c t s  of energy s t r a t e g i e s .  This  i s  e s p e c i a l l y  
important s i n c e  phys ica l  d a t a  a r e  n o t  l i k e l y  t o  f l u c t u a t e  a s  
widely a s  monetary d a t a .  In  f a c t ,  when p r i c e s  o r  f i n a n c i a l  d a t a  
a r e  e i t h e r  l ack ing  o r  unce r t a in  (which i s  o f t e n  t h e  case  f o r  long- 
t e r m  s t r a t e g i e s  and new technologies )  it is  u s e f u l  t o  expres s  
t h e  n a t u r a l  (and human) resources  i n  phys ica l  t e r m s  o r ,  a s  w e  say ,  
i n  "WELMMITE" requirements  and t o  emphasize t h e i r  systems implica- 
t i o n s  and i n t e r r e l a t i o n s .  The r e s u l t s  of  t h e  WELMM approach na t -  
u r a l l y  r e f l e c t  t h e  gene ra l  t endencies  of t echno log ies  de r ived  
from economic a n a l y s i s :  i .e .  c a p i t a l  i n t e n s i v e  t echno log ies  such 
a s  t h e  s o l a r  STEC o r  t h e  LNG c h a i n s  have a  s t r o n g  impact on natu-  
r a l  and human re sources  i n  t h e  c o n s t r u c t i o n  phase whereas they  a r e  
more economical t o  ope ra t e  i n  t e r m s  of resources .  Never the less ,  
some c o n s t r a i n t s  o r  bo t t l enecks  appear i n  a  WELMM a n a l y s i s  which 
would n o t  be obvious i n  an economic one. A c a r e f u l  dec i s ion -  
making a n a l y s i s  should t h u s  inc lude  t h e  d i f f e r e n t  a s p e c t s  repre-  
sen ted  by t h e  economic impacts,  t h e  WELMM impacts,  t h e  environ-  
mental impacts etc. (An a t tempt  has  been made in t h i s  paper t o  
g ive  some information on environmental  impacts a s  w e l l ) .  
Obviously t h e  method used (a l though it i s  n o t  used exclu- 
s i v e l y  b u t  r a t h e r  a s  an a d d i t i o n a l  t o o l )  and t h e  type  of app l i c -  
a t i o n s  presented  i n  t h i s  paper have t h e i r  l i m i t s .  The comparison 
of e l e c t r i c i t y  producing cha ins  d i d  n o t  t a k e  i n t o  account t h a t  
some re sources  (e.g. s o l a r )  a r e  more a p p r o p r i a t e  f o r  s p e c i f i c  
uses  (e.g.  low grade h e a t ) .  The example of u s e f u l  energy cha ins  
t r i e d  t o  t a k e  i n t o  account t h e  compet i t ion of va r ious  energy 
vec to r s  a t  t h e  f i n a l  energy l e v e l ,  bu t  t h e  number of a l t e r n a t i v e  
cha ins  s t u d i e d  would have t o  be increased ,  inc luding  d e c e n t r a l i z e d  
s o l a r ,  c e n t r a l i z e d  nuc lea r  d i s t r i c t  hea t ing  and o t h e r  systems. 
The main disadvantage of t h e  energy cha in  comparisons i s  
t h a t  they  r e p r e s e n t  s p e c i f i c  examples based on r a t h e r  smal l - sca le  
p r o j e c t s  and do n o t  a l low f o r  t h e  drawing of d e f i n i t e  conclus ions  
about t h e i r  f e a s i b i l i t y  on t h e  r e g i o n a l  o r  n a t i o n a l  s c a l e .  They 
t h e r e f o r e  r e p r e s e n t  on ly  one s t e p  towards a more sys t ema t i c  anal-  
y s i s  of  energy supply op t ions .  D i f f e r e n t  supply schemes, repre-  
s e n t i n g  d i f f e r e n t  supply o p t i o n s  have t h u s  been s t u d i e d  a t  IIASA 
and t h e  f i r s t  r e s u l t s  concerning t h e  r e source  requirements  of 
t hese  "energy scenar ios1 '  have a l r eady  been obta ined  [ 1 9 ] .  The 
s tudy of t h e  "scenar ios"  focussed,  a s  a f i r s t  s t e p ,  on t h e  
eva lua t ion  of f o u r  monoenergetic supply o p t i o n s  based on d i f -  
f  e r e n t  primary energy forms ( c o a l ,  nuc lea r ,  o i l / g a s  and s o l a r )  
f o r  a predef ined  r e fe rence  demand on t h e  u s e f u l  o r  f i n a l  energy 
l e v e l  on a n a t i o n a l  s c a l e .  De ta i l ed  energy cha ins  f o r  t h e  
v a r i o u s  end use c a t e g o r i e s  ( s p e c i f i c  e l e c t r i c i t y ,  low grade hea t ,  
motor f u e l s  e tc . )  and on a l a rge - sca le  w e r e  e labora t ed .  A p r e c i s e  
geographica l  s i t u a t i o n  f o r  t h e  s i t i n g  of energy f a c i l i t i e s  and 
f o r  t h e  t r a n s p o r t a t i o n  and d i s t r i b u t i o n  of energy was considered 
t h u s  a l lowing more r e a l i s t i c  s c e n a r i o s  on long-term energy supply 
op t ions .  Resource requirements  f o r  t h e  va r ious  supply s t r a t e g i e s  
a r e  t h u s  considered wi th in  a framework of  s p e c i f i c  l o c a t i o n s  and 
forms and can then  be checked wi th  t h e i r  r e l a t i v e  s c a r c i t y  a t  a 
n a t i o n a l  o r  g l o b a l  l e v e l .  
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APPENDIX 
Th i s  appendix g i v e s  more d e t a i l e d  d a t a  on t h e  WELMM evalu-  
a t i o n  of t h e  n u c l e a r  and s o l a r  e l e c t r i c i t y  gene ra t ing  cha ins .  
Tables  A-1 and A-2 : D e t a i l e d  d a t a  on t h e  mining impacts  f o r  
t h e  t h r e e  n u c l e a r  e l e c t r i c i t y  g e n e r a t i n g  
cha ins  a r e  shown a s  a  percen tage  (A-1) 
and a s  a b s o l u t e  v a l u e s  (A-2). 
Table A-3 WELMM requi rements  f o r  t h e  c o n s t r u c t i o n  
of t h r e e  des igns  of 100 M W e  STEC's a r e  
shown. 
For ou r  e l e c t r i c i t y  gene ra t ing  c h a i n s  
SOLAR 1 ,  l o c a t e d  in France,  would r e q u i r e  
28 100 MW STEC modules (hypothes i s  2) ; 
SOLAR 2 ,  l o c a t e d  i n  Southern C a l i f o r n i a ,  
would r e q u i r e  1 4  100 MW STEC modules 
(MITRE d a t a  [ 21 ] ) . 
A - 1 .  P e r c e n t a g e  o f  t o t a l  c h a i n  r e q u i r e m e n t s  a t  v a r i o u s  
s t e p s  o f  t h r e e  n u c l e a r  e l e c t r i c i t y  c h a i n s  
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N.B.  P e r c e n t a g e s  may n o t  t o t a l  1 0 0 %  s i n c e  t h e y  have  been rounded . 
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L n R l  L H H ~  . . W F D n  
1 . 3 1  1.1s . I s  
6 1 . 5 1  55/91in 7 
99.11 04.7/#1,61 1 
5 / 3 2  (7 /3 l#  1 3 . 4 1  
- - - 
1 5 1 1 . 1  l . s / l o ~ s  1.11 
60.B/ IC .11  6B.8/36.91 3 . 9 1  
6 . d l  6 . 6 1  - 
i o o s  100s 1 
1 . 6 1  1 0 0 1  1 0 0 1  
9 . 8 1  9 - 7 1  1 . 8 1  
3 3 . 1 1  1 7 . 1 1  1 6 . 8 1  

T a b l e  A - 3 .  E s t i m a t e s  f o r  t h e  r e q u i r e m e n t s  f o r  c o n s t r u c t i o n  
o f  t h r e e  d i f f e r e n t  d e s i g n s  o f  100  M W e  STEC, 
p r o d u c i n g  e l e c t r i c i t y  f o r  an  i n t e r m e d i a t e  demand 
( 6  h o u r s  s t o r a g e )  
HYPOTHESIS 1 : A FIELD OF HELIOSTATS TWICE THAT OF CALIFORNIA 
H Y P O T H E S I S  2 : COMPARED TO CALIFORNIA, TWICE AS MANY P L A N T S  FOR FRANCE 
LOCAT I 014 
DIRECT INSOLATI ON 
ANNUAL PRODUCTION 
WELWq REQU I REMENTS 




ALUMIN I UM 
INSULATION 
PLAST I cs 
S I L V E R  
MI sc 
T O T A L  fl T IAL 
\@~GS?MWE) 
TOTAL blAIJPOWEN FOR 
THE I'LANT (MAN Y R S )  
.- 
IOTAL LAND FOR THE 
PLANT (HA) 
MITRE [2ll 
C A L I F O R N I A  
3000 K W H / M ~ / Y R  
438 GWH 
45 - 91  
1361. - 2268 
454 - 635 
4,5 - 9 
18 - 45 
18 - 36 
4,5 - 18 
0,006- 0,008 
4,5 - 9 
1910 - 3111 
1700 
388 
ACCORD[ NG TO THEMIS [ 2 2  I 
FRANCE 






N , A ,  
N , A ,  
N,A, 
N,A,  
N , A ,  
N,A,  
N o A ,  
N,Aa 
-. - . - - . - -  
ACCORDING TO MITRE [211 
FRANCE 
1500 K W H / M ~ / Y  R 
438 GWH 
H Y P O T H E S I S  1 
90 - 180 
2229 - 3136 
581 - 762 
4.5 - 9 
18 - 45 
18 - 36 
9 - 36 
0 , 0 1 2 - 0 , 0 2 4  
9 - 18 
2959 - 4223 
2200 
776 
H Y P O T H E S I S  2 
90 - 180 
2722 - 4536 
908 - 1270 
9 - 18 
36 - 90 
36 - 72 
9 - 36 
0,012-0,024 
9 - 18 
3819 - 6% 
3400 
776 
